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2 
Immunologic Response to COVID-19 Vaccines 


The global pandemic stemming from the emergence of the novel SARS-CoV-2 virus in 
late 2019 made it critical to develop efficacious vaccines. This public health crisis initiated 
global efforts to produce vaccines to reduce viral transmission and protecting individuals from 
life-threatening infections (Diamond and Pierson, 2020). Several COVID-19 vaccines were 
rapidly developed using a variety of platforms. Concomitant with the release of vaccines, 
concerns arose around vaccine-induced harms. To better understand how vaccine mediated 
harms may arise, it is important to know how specific COVID-19 vaccines initiate an immune 
response. 

Charged with examining biological mechanisms, the committee conducted a 
comprehensive review of the current literature, examining the available evidence encompassing 
clinical trials, epidemiology studies, case reports, preclinical and translational in vitro or in silico 
studies, and insights gained from animal models. The committee analyzed a diverse array of 
vaccine-mediated harms and a variety of vaccine platforms and compiled a list of mechanisms 
that were deemed most plausible in contributing to the emergence of vaccine-mediated adverse 
reactions following COVID-19 vaccination. Throughout these deliberations, the committee 
engaged in in-depth discussions regarding the pathophysiology that may be involved and the 
requisite evidentiary support necessary to establish the presence of a particular mechanism. 


FUNDAMENTALS OF THE IMMUNE RESPONSE 


The human immune response is initiated by the innate immune system which activates 
the adaptive immune system. Both the innate and adaptive arms of the immune response play a 
pivotal role in combating pathogens, such as SARS-CoV-2, and establishing long-term 
immunity. They are also both important in producing an effective immune response and long- 
term immunity (immunological memory) after vaccination. 

The innate immune system is the “first responder” to foreign agents, such as viral 
infections or physical tissue damage. It comprises physical defenses, such as the skin, and 
cellular components, such as macrophages, mast cells, dendritic cells, neutrophils, and natural 
killer cells. The innate immune response is not pathogen specific at the single amino acid 
(AA)/protein epitope level (i.e., antigen) but recognizes categories of pathogens, such as viruses, 
bacteria, parasites, and tissue damage, based on molecular patterns that are specific to particular 
microbes (Chaplin, 2010). A key element of this pathogen recognition system are pattern 
recognition receptors (PRRs), with Toll-like receptors (TLRs) being a notable subgroup. For 
example, TLR3 is involved in canonically recognizing double-stranded RNA, commonly 
associated with viral infections, however, evidence of TLR3 recognition of single-stranded RNA 
vaccines has been shown (Teijaro and Farber, 2021). TLR4, which recognizes 
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lipopolysaccharides from Gram-negative bacteria, some viral infections, and self-like ATP from 
damaged mitochondria, may play a role in responses to messenger ribonucleic acid (mRNA) 
vaccines, which contain mRNA within lipid nanoparticles (LNPs) that augment innate immune 
responses. TLR7 and TLR8, recognizing single-stranded RNA, are integral to the immune 
response against RNA-based vaccines, such as certain COVID-19 vaccines. Meanwhile, TLR9, 
which detects unmethylated CpG motifs in bacterial and viral DNA, is used in some vaccines as 
an adjuvant (a substance in vaccines that enhances the immunological response to the antigen). 
The activation of these TLRs triggers signaling pathways that lead to cytokine and type I 
interferon production, crucial for initiating adaptive immune responses (Fitzgerald and Kagan, 
2020). 

After activation by the innate immune system, the adaptive immune system develops an 
antigen-specific immune response to a specific pathogen that is based on particular amino acids 
(AA)/protein sequences (antigens). Macrophages and dendritic cells are fundamental in 
presenting antigens to adaptive immune cells, initiating an antigen-specific response crucial for 
establishing long-lasting immunological memory. Because of the high specificity of the adaptive 
immune response, it can distinguish not only a specific virus but also a specific strain of that 
virus. Memory occurs primarily at the T cell and B cell levels. B cells develop into plasma cells 
that release antigen-specific antibodies that are critical for rapidly clearing infections when they 
are next encountered the next time. T cells, on the other hand, play a crucial role in immune 
memory by recognizing and responding to previously encountered antigens, aiding in the rapid 
mobilization of the immune system during subsequent infections. The development of strong 
antigen-specific T cell and B cell-antibody memory is a primary goal of vaccine development. 

All types of vaccines strongly stimulate an innate immune response to direct the adaptive 
immune response to make protective antigen-specific T and B cells and antibody responses 
against the target infection. COVID-19 vaccines (Figure 2-1), including traditional protein-based 
vaccines (NVX-CoV2373!), mRNA vaccines (e.g., BNT162b2” and mRNA-1273°) and 
adenovirus-vector (AV) vaccines (e.g., Ad26.COV2.S* and ChAdOx-2/nCoV-19°), are 
engineered to stimulate both innate and adaptive immune responses. The mRNA vaccines deliver 
genetic material coding for the SARS-CoV-2 spike S-protein into host cells (Martinez-Flores et 
al., 2021) so that an antigen-specific adaptive immune response will be generated against it. The 
mRNA vaccine may be able to activate resident innate immune cells at the injection site, but it 
primarily takes effect after the spike protein is generated within cells (Verbeke et al., 2022). The 
mRNA strands are structurally optimized to prevent degradation by incorporating pseudouridines 
(Kim et al., 2022) and mRNA into lipid nanoparticles (Ndeupen et al., 2021), which both further 
protects the RNA transcript from degradation and facilitates cell entry (Pardi et al., 2015). 
Certain components within the LNP layer may also act as adjuvants by activating TLRs on 
antigen presenting cells and the innate immune response to induce an enhanced adaptive immune 
response against the spike protein (Alameh et al., 2021). Protein-based vaccines often require an 
adjuvant to stimulate the innate immune response; AV vaccines have an innate immune- 
activating ability because they are viral vectors. 


' Refers to the COVID-19 vaccine manufactures by Novavax. 

2 Refers to the COVID-19 vaccine manufactured by Pfizer-BioNTech under the name Comirnaty®. 
3 Refers to the COVID-19 vaccine manufactured by Moderna under the name Spikevax®. 

4 Refers to the COVID-19 vaccine manufactured by Janssen. 

5 Refers to the COVID-19 vaccine manufactured by Oxford-AstraZeneca. 
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Innate antigen presenting cells, particularly mast cells, macrophages, and dendritic cells, 
are instrumental in activating an adaptive immune response. They capture, process, and present 
pathogen-specific antigens to T cells, inducing a highly targeted adaptive response and 
immunological memory. Dendritic cells are particularly important in stimulating adaptive 
immune responses from the draining lymph nodes while resident mast cells and macrophages 
play key roles at tissue sites. In the milieu of COVID-19 vaccines, antigen presenting cells are 
vital for identifying and presenting the vaccine-derived spike protein to helper T cells, thereby 
producing spike protein—specific T and B cells. 

T cells, comprising helper T cells (CD4+) and cytotoxic T cells (CD8+), play 
multifaceted effector roles during an infection such as SARS-CoV-2. Helper T cells facilitate B 
cell activation and enhance the function of cytotoxic T cells, which directly attack and destroy 
virally infected cells. The adaptive immune cell memory induced by COVID-19 vaccines 
ensures a rapid antigen-specific T and B cell/antibody response when the vaccinee encounters 
SARS-CoV-2 in the future. 


SARS-COV-2 AND VACCINE TARGET OF THE SPIKE PROTEIN 


SARS-CoV-2 is characterized by several structural proteins; the spike (S) glycoprotein 
and the nucleocapsid (N) protein are primary targets for the immune response (Krammer, 2020). 
The spike protein is a major virus surface protein crucial for viral entry into host cells; it binds to 
the angiotensin-converting enzyme 2 (ACE2) receptor on host cells (Walls et al., 2020). 
Structurally, the spike protein is a class I viral fusion glycoprotein comprising of two subunits: 
the S1 subunit, responsible for receptor binding, and the S2 subunit, involved in fusion. These 
subunits are connected by a furin cleavage site, unique to SARS-CoV-2 (rather than all SARS 
viruses), and the protein is cleaved post translationally at this furin cleavage site. The receptor- 
binding domain (RBD) within the S1 subunit is particularly critical for viral entry to cells, as it 
directly interacts with the ACE2 receptor, initiating conformational changes leading to 
membrane fusion and viral entry (Kirchdoerfer et al., 2016; Wrapp et al., 2020). In addition, the 
spike protein is the only SARS-CoV-2 antigen recognized to stimulate neutralizing antibodies 
(Xiaojie et al., 2020). A number of other receptors are important in viral entry but not described 
in this report. 

The spike protein has been the primary focus in vaccine developments due to its essential 
role in viral entry to host cells. Vaccines contain (subunit vaccines, such as NVX-CoV2373) or 
generate production of (mRNA and AV vaccines) the spike protein to elicit an immune response 
in the absence of infection. Typically, adjuvants are also needed to induce a strong immune 
response because the antigen itself (without an active infection) does not do so in individuals 
who have not encountered SARS-CoV-2. The goal of all vaccine platforms is to contain or 
produce a stable form of the S protein that will not degrade or be cleared from the body without 
activating the immune response. 

Two main mRNA vaccine strategies have been employed to stabilize the spike protein in 
its prefusion conformation, which is essential for preserving epitopes that are sensitive to 
degradation. One method, used in both mRNA-1273 and BNT162b2 vaccines, introduces 
mutations in the mRNA transcript (proline substitutions at positions 986 and 987), which 
maintain the spike glycoprotein in the prefusion state (Pallesen et al., 2017; Wrapp et al., 2020). 
Another strategy, not employed by the current vaccines, involves designing an mRNA construct 
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where the full-length spike protein lacks the furin cleavage site (Afurin), preventing 
posttranslational cleavage (Laczko et al., 2020; Lederer et al., 2020). 

As an alternative to targeting the full-length spike protein, some vaccines focus solely on 
RBD (Bettini and Locci, 2021), which contains multiple epitopes that can be effective targets for 
virus neutralization, making it a potent target for vaccine strategies (Robbiani et al., 2020; Zost et 
al., 2020). For instance, BNT162b1 vaccine candidate developed by BioNTech/Pfizer encodes a 
secreted trimerized version of RBD. The choice of the full-length spike protein or smaller RBD 
of the spike protein in vaccine design balances the benefits of eliciting a broader immune 
response with the full-length protein versus focusing on the highly neutralizing epitopes in the 
RBD. However, due to its favorable immunogenicity to reactogenicity profiles, BNT162b2, 
encoding full length spike protein, was chosen as the leading vaccine candidate (Khehra et al., 
2021). 


TYPES OF COVID-19 VACCINES 


Several COVID-19 vaccines have been developed and authorized for use in the United 
States, using several different vaccine platforms (Figure 2-1). The mRNA vaccines, such as 
BNT162b2 and mRNA-1273, use LNP-encapsulated mRNA to encode the SARS-CoV-2 spike 
protein. This technology prompts host cells to produce the spike protein, subsequently eliciting 
innate and adaptive immune responses and, most importantly, immunological memory. 
Adenovirus vector vaccines, such as Ad26.COV2.S (emergency use authorization was revoked 
by FDA on June 1, 2023) and AZD1222 (not used in the United States), employ modified 
adenoviruses to deliver DNA encoding the spike protein. Protein subunit vaccines, such as NVX- 
CoV2373, consist of recombinantly produced viral proteins (such as the spike protein or its 
epitopes) combined with the Matrix-M® adjuvant, which enhances the immunogenicity of the 
protein antigen, leading to a more robust immune response. Each platform has distinct 
immunogenic profiles and mechanisms for eliciting an immune response. 
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FIGURE 2-1 COVID-19 vaccines contributing to this report and their mechanism of action. 

NOTES: (A) mRNA Vaccines: Upon injection, mRNA encapsulated in lipid nanoparticles (LNPs) is 
delivered into myocytes or bystander cells. The mRNA is released from LNPs and translated by 
ribosomes to produce the viral antigen, such as the spike protein (S), which is secreted. Antigen- 
presenting cells (APCs) such as dendritic cells (DCs) uptake the secreted antigen, initiating an immune 
response. (B) Adenoviral Vector Vaccines: Adenoviral vectors containing viral DNA enter myocytes or 
bystander cells, where they uncoat. The DNA, containing a nuclear localization signal, is transported to 
the nucleus and transcribed into mRNA. The extrachromosomal DNA does not integrate into the host 
genome. The mRNA is translated into protein, which is secreted and uptaken by APCs, initiating an 
immune response. (C) Subunit Vaccines: Pre-formed viral protein, such as the spike protein (S), is 
delivered. Antigen-presenting cells, particularly resident dendritic cells (DCs), uptake the protein to 
initiate an immune response. Additionally, M-matrix adjuvants enhance this response. # Ad26.COV2:S is 
no longer authorized under EUA in the United States as of June 1, 2023. *ChAdOx1-S is not used in the 
United States. Created with BioRender.com. 


mRNA Vaccines 


The advent of mRNA vaccines has marked a revolutionary leap in the field of 
immunology and vaccine development, particularly underscored by their critical role in 
combating the COVID-19 pandemic. These vaccines represent a significant departure from 
traditional vaccine platforms, providing a number of new advantages, including rapid 
development, high efficacy and safety, and rapid adaptation to new viral strains (Welsh, 2021). 
This technology holds promise for preventing serious outcomes and/or spread from viral 
infections. Developing mRNA vaccines, although conceptually straightforward, involves a 
complex design process. These vaccines function by delivering mRNA encoding a target antigen, 
such as the SARS-CoV-2 spike protein, into host cells. Once in the cytoplasm, the cells use their 
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own machinery to translate the mRNA into the target protein, which is released from the host 
cell, usually in an extracellular vesicle (Trougakos et al., 2022), activating an innate immune 
response that also prompts the adaptive immune system to mount a memory response against the 
spike (S) protein. The next time the individual sees the spike protein during an active infection or 
vaccine boost, the immune system rapidly mounts a highly protective T and B cell/antibody 
response. For a detailed depiction of the sequence through which SARS-CoV-2 mRNA vaccines 
elicit immune responses, from their administration to the priming of T cells and initiation of 
germinal center reactions, refer to Figure 2-2. 
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FIGURE 2-2 Immune responses to intramuscular administration of SARS-CoV-2 mRNA vaccines. 
NOTES: Immune responses triggered by SARS-CoV-2 mRNA vaccines involve a sequence of events 
starting with their intramuscular administration. These vaccines, which include mRNA encapsulated in 
lipid nanoparticles (mRNA-LNPs) or the antigen they produce, are first taken up by antigen-presenting 
cells (APCs) such as dendritic cells. After uptake, these APCs migrate to the lymph nodes, where they 
activate both CD4 and CD8 T lymphocytes. This process of T cell priming and its subsequent steps are 
discussed comprehensively in scientific literature. Following priming, CD8 T cells may differentiate into 
cytotoxic T lymphocytes capable of destroying virus-infected cells, while CD4 T cells may evolve into 
either Th1 cells or T follicular helper (Tfh) cells. Tfh cells are pivotal in initiating the germinal center 
reaction, a critical process for the development of high-affinity memory B cells and long-lived plasma 
cells that secrete antibodies. The direction of Tfh cell differentiation towards a Th1 or Th2 phenotype 
influences the isotype of antibodies produced by these plasma cells, affecting the body's immune response 
to the vaccine. 

SOURCE: Bettini and Locci, 2021. 


PREPUBLICATION COPY: Uncorrected Proofs 


Copyright National Academy of Sciences. All rights reserved. 


Evidence Review of the Adverse Effects of COVID-19 Vaccination and Intramuscular Vaccine Administration 


IMMUNOLOGIC RESPONSE 33 


One of the initial challenges of mRNA vaccines was the inherent nature of unmodified 
mRNA, which is extremely labile and highly immunogenic, making it unsuitable for direct use in 
vaccines (Pardi et al., 2018). Karikó et al. tested various modifications to nucleosides in mRNA 
molecules (Kariko et al., 2008). They tested modifications, such as pseudouridine, 5- 
methylcytidine, N6-methyladenosine, 5-methyluridine, and 2-thiouridine. The substitution of 
uridine with N1-methyl-pseudouridine (m1‘P) led to a tenfold increase in translation efficiency 
compared to unmodified mRNA (Karik6 et al., 2008). Moreover, mRNA with this modification 
was not recognized by the pathogen-associated molecular pattern (PAMP) sensing mechanisms, 
such as TLRs or retinoic acid-inducible gene I (RIG-I), thus avoiding excessive inflammation, 
RNA degradation, and potential harms (Karik6 et al., 2008; Pardi et al., 2018). This m1¥ 
modification has been adopted in the design of several mRNA vaccine candidates, including the 
widely used mRNA-1273 and BNT162b2 (Corbett et al., 2020; Walsh et al., 2020). 

Although it is possible to inject naked mRNA directly for immunization, this approach is 
generally inefficient (Cao and Gao, 2021). For the mRNA to be translated into proteins in the 
host cell, it must penetrate the cell’s lipid membrane to reach the cellular ribosomes. To facilitate 
efficient protein translation, delivery methods that ensure the cytosolic localization of mRNA are 
essential. Although standard laboratory lipid encapsulation methods, such as lipofectamine, were 
effective in vitro, they were cytotoxic and less efficient in vivo (Cao and Gao, 2021; Karik6 et 
al., 2008). The encapsulation of mRNA into LNPs significantly contributes to its stability and 
uptake by the cells; LNPs effectively transport mRNA within the body and, upon intramuscular 
injection, can be taken up by antigen-presenting cells at the injection site and in nearby lymph 
nodes, facilitating both innate and adaptive immune responses. Furthermore, LNPs provide 
protection against nuclease-mediated degradation of the mRNA. The composition of LNPs is 
often proprietary, but they are known to contain a mixture of ionizable cationic lipids, 
cholesterol, phospholipids, and polyethylene glycols (PEGs), which self-assemble into 
nanoparticles of approximately 100 nanometers in diameter to encapsulate the mRNA (Cullis 
and Hope, 2017; Maier et al., 2013). Many of these components are known to be immunogenic 
and can act as adjuvants to stimulate the innate immune response to the spike protein. In fact, the 
composition of the LNP can be tailored to enhance the immune system's response to the vaccine 
by inducing robust Tfh cell and humoral responses, making LNPs not only a delivery vehicle but 
also an adjuvant-like component of mRNA vaccines (Alameh et al., 2021). 


Adenovirus Vector Vaccines 


Adenovirus vector-based vaccines (AV) have emerged as a key player in COVID-19 
vaccine development, leveraging the unique properties of adenoviruses. These linear double- 
stranded DNA viruses, typically responsible for respiratory infections in children and adults, 
possess stable genes and efficient transduction capabilities (ability to transfer genetic materials), 
making them ideal vaccine vectors (Lukashev and Zamyatnin, 2016). Adenoviruses do not 
integrate into the host genome but remain in a non-genome episomal state; meaning the injected 
genetic material translocates into the nucleus but does not integrate into the host DNA 
(Coughlan, 2020; Walsh et al., 2020). This aspect is significant because it mitigates concerns 
about potential long-term genetic changes in the host’s cells. In some other types of viral vectors, 
the viral DNA could integrate into the host’s genome, which could lead to unintended genetic 
alterations (Bulcha et al., 2021). However, with AV vaccines, this risk is greatly reduced because 
the adenovirus DNA remains separate from the host’s DNA. 
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The adenovirus’s nucleocapsid is composed of fiber, penton, and hexon proteins, 
contributing to its robustness and versatility as a vector. Over 150 primate adenoviruses have 
been identified, with many being developed for vaccines due to their cost-effectiveness, 
thermostability, and ability to induce strong immune responses (Chavda et al., 2023). A 
significant challenge is pre-existing immunity to common adenovirus serotypes in humans. To 
circumvent this, rare adenoviruses are employed, such as Ad26 or chimpanzee adenoviruses, 
which are less likely to be neutralized by pre-existing human antibodies. These vectors have 
demonstrated effectiveness in both animal models and human studies, despite the varying levels 
of pre-existing immunity across populations (Ewer et al., 2017; Geisbert et al., 2011). 

In the context of COVID-19 vaccines, AZD1222, also known as “Covishield” by the 
Serum Institute of India, uses the ChAdOx1 AV. It carries the gene for the SARS-CoV-2 spike 
protein (ChAdOx1-S), which is expressed in its trimeric prefusion conformation (Watanabe et 
al., 2021). 

Janssen Pharmaceuticals developed Ad26.COV2.S, using an Ad26 vector that encodes 
the spike protein with specific modifications (K986P and V987P) to enhance immunogenicity by 
locking the spike in its prefusion conformation (Bos et al., 2020). This vaccine is distinguished 
by its single-dose regimen. 


Protein Subunit Vaccines 


Protein-based vaccines, a well-established class of vaccines, use specific proteins (or 
protein fragments) from a pathogen to elicit an immune response without introducing the 
complete pathogen. These vaccines are known for their safety, as they do not contain live 
components of the pathogen, reducing the risk of vaccine-induced disease, but they are also less 
immunogenic and require adjuvants or other interventions (Pollard and Bijker, 2021). These 
vaccines fall into two main categories: subunit vaccines, which include only the parts of the virus 
that best stimulate the immune system, and toxoid vaccines, which use a toxin produced by the 
pathogen that has been made harmless but still triggers immunity. Toxoid vaccines include 
diphtheria and tetanus vaccines, which use inactivated forms of the toxins produced by these 
bacteria. Subunit vaccines include hepatitis B, which uses a surface protein from the virus, the 
pertussis toxin component of the DtaP vaccine, and NVX-CoV2373. 

NVX-CoV2373 comprises recombinantly produced spike proteins combined with 
Novavax’s proprietary Matrix-M® adjuvant (Keech et al., 2020). The spike protein used in the 
vaccine is produced by baculovirus expression in Spodoptera frugiperda insect cells, a method 
known for its ability to yield complex, properly folded proteins (Jarvis, 2003). This strategy 
ensures that the spike protein maintains its prefusion conformation, which is known to expose 
critical neutralizing epitopes more effectively than the post-fusion conformation (Bowen et al., 
2021; Keech et al., 2020). The adjuvant is a critical component that significantly boosts the 
innate immune response to the spike protein. It is based on saponin, derived from the Quillaja 
saponaria tree, and combined with cholesterol and phospholipid to form nanoparticles. These 
nanoparticles enhance the immune response by stimulating the entry of the antigen into antigen- 
presenting cells and activating these innate cells. This adjuvant has been shown to boost both the 
quantity and quality of the immune response, leading to higher levels of neutralizing antibodies 
and a more robust T cell response (Stertman et al., 2023) to infection. In addition, adjuvants 
enable the use of smaller amounts of antigen. Producing neutralizing antibodies is the goal for 
most vaccines, as they bind to a pathogen and block its ability to infect cells, effectively 
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neutralizing its disease-causing capabilities. In addition to antibody production, the orchestration 
of a robust T cell response is paramount, as these cells not only assist in the maturation of 
antibody-producing B cells but also identify and eliminate infected host cells, thereby mitigating 
the pathogen's proliferation and ensuring a comprehensive immunological defense. 

This vaccine’s storage and handling requirements are less stringent than those of mRNA 
vaccines, making it a valuable asset in global vaccination efforts, especially in regions with 
limited cold chain infrastructure. 


VACCINE IMMUNE RESPONSE ELICITATION 


For non-single-dose COVID-19 vaccines, the first and second doses play distinct and 
complementary roles in eliciting an effective immune response. The initial vaccine dose largely 
primes the immune system, providing the antigen in a way that stimulates initial antibody 
production and activates specific immune cells that lead to antigen-specific memory T and B 
cells. Because the vaccine is not an actual infection, it may not provide the needed cues to mount 
an optimal immune response. Thus, the second dose, or the booster, is crucial for amplifying and 
broadening this response. It significantly enhances the quantity and quality of neutralizing 
antibodies, solidifies memory B cell and T cell responses, and induces a more robust, durable 
immunity. The booster dose thus ensures a more sustained and effective immune response, 
including against virus variants (Chu et al., 2022). Table 2-1 presents a summary of antibody 
responses and T cell responses in humans for each U.S. COVID-19 vaccine. 

The immunogenicity of COVID-19 vaccines largely hinges on the adaptive immune 
system recognizing the specific spike protein fragments. B cell receptors (BCRs) on B cells and 
T cell receptors (TCRs) on T cells are key to this recognition when they interact with innate 
immune antigen-presenting cells. BCRs directly bind to epitopes on the spike protein, initiating 
B cell activation (Pettini et al., 2022). TCRs, however, recognize these epitopes when presented 
on Major Histocompatibility Complex (MHC) molecules by antigen-presenting cells (Yang et 
al., 2023). This dual recognition mechanism is essential for the coordinated activation of both 
humoral and cellular arms of the adaptive immune response (Teijaro and Farber, 2021) for viral 
proteins that are not superantigens. 

Following vaccination, B cell activation predominantly occurs in germinal centers (GCs) 
within secondary lymphoid organs (Figure 2-2), such as lymph nodes and the spleen. In general, 
antigen-activated B cells undergo somatic hypermutation, which introduces random mutations 
into their immunoglobulin genes (Laidlaw and Ellebedy, 2022; Turner et al., 2021) and leads to 
B cells with high-affinity antibodies for the spike protein. B cells with the highest affinity are 
selected and differentiated into long-lived plasma cells (LLPCs) and memory B cells (MBCs). 
LLPCs secrete neutralizing antibodies, some of which are capable of mediating sterilizing 
immunity, which prevents infection in the host including mucous membranes, and can 
potentially persist for years, continuously producing antibodies. MBCs quickly activate and give 
rise to anew wave of high-affinity antibody-secreting cells, providing rapid protection upon re- 
exposure to the virus (Sadarangani et al., 2021; Tam et al., 2016). For COVID vaccines, in time, 
mutations in the spike protein may result in lower affinity interaction between the antibodies 
induced by one strain and a mutated spike protein. 

The role of T cells, particularly CD4+ T cells, is multifaceted. T follicular helper (Tfh) 
cells, a subset of CD4+ T cells, are critical for the development of germinal center reactions and 
consequently for the maturation of B cell responses. Tfh cells assist B cells in the GCs by 
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providing necessary costimulatory signals and cytokines, facilitating the selection of high- 
affinity B cells. These interactions are crucial for developing both LLPCs and MBCs, and 
mRNA vaccines have been demonstrated to effectively induce Tfh cell responses, which are key 
to generating robust and long-lasting neutralizing immunity (Bettini and Locci, 2021; Pardi et al., 
2018; Sadarangani et al., 2021). Clinically, however, immunity from COVID-19 vaccines is 
observed to wane over time (Menegale et al., 2023), necessitating booster doses to counteract 
this decline and to address the emergence of new, circulating common strains, thereby ensuring 
sustained protection against the virus. 

Cytotoxic CD8+ T cells, which directly eliminate virus-infected cells, are another crucial 
component. These cells are characterized by the release of cytotoxic molecules, such as 
granzyme B and perforin. Upon vaccination, polyfunctional antigen-specific CD8+ T cells 
increase; these produce inflammatory cytokines, which are critical signaling molecules in the 
immune system. These include IFNy (interferon gamma), IL-2 (interleukin-2), and TNF (tumor 
necrosis factor). IFNy plays a crucial role in activating and directing other immune cells, 
enhancing the overall immune response to the vaccine and the virus. IL-2 is vital for the growth, 
proliferation, and differentiation of T cells, ensuring a robust and sustained immune response. 
TNF is involved in systemic inflammation and capable of inducing apoptosis or cell death in 
virus-infected cells. These cells exhibit markers of cytotoxic activity and contribute to the overall 
defense against viral infection. The ability to activate CD8+ T cell responses varies among 
vaccine candidates, with some inducing strong responses in both small and large animal models, 
while others showing more variable results (Bettini and Locci, 2021; Creech et al., 2021). 

Immunological memory is a hallmark of the adaptive immune response and a key goal of 
vaccination. Most licensed vaccines, including those for COVID-19, confer protection by 
eliciting long-lasting antibody responses. 

The rapid and effective response to a pathogen upon re-exposure is primarily mediated by 
memory B and T cells. Memory B cells, upon re-exposure to the antigen, differentiate into 
antibody-secreting cells more quickly than naive B cells, leading to a fast increase in antibody 
titers. Similarly, memory T cells, both CD4* and CD8", are primed to respond more rapidly and 
effectively than naive T cells. Tfh cells are especially important in supporting memory B cell 
responses in GCs. They facilitate the selection of high-affinity memory B cells and their 
differentiation into LLPCs or MBCs (Pollard and Bijker, 2021). These interactions are critical 
for maintaining long-lasting immunity and providing rapid protection upon subsequent exposures 
to the virus. Upon activation in a future infection, memory B cells rapidly produce large amounts 
of antigen-specific antibody, which can neutralize viral infection/entry into host cells—reducing 
the severity of the infection. 

The duration of immunity conferred by COVID-19 vaccines and the potential need for 
booster doses are areas of ongoing research. Studies have shown that mRNA vaccines can induce 
robust CD8* T cell responses characterized by key cytokines and cytotoxic markers upon 
rechallenge (Sadarangani et al., 2021; Teijaro and Farber, 2021). However, the longevity of these 
responses and persistence of memory T cells after vaccination is still under investigation. Some 
evidence suggests that the immune response elicited by these vaccines, particularly the 
generation of memory B and T cells, may be long lasting, but further studies are required to 
confirm the duration of this protection. Additionally, the need for booster doses may depend on 
factors such as the emergence of new viral variants/strains and the longevity of the vaccine- 
induced immune response (Teijaro and Farber, 2021). 
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POSSIBLE MECHANISMS OF VACCINE-MEDIATED REACTIONS 


Although rare, vaccine-mediated harms can range from mild, transient reactions to more 
serious conditions, underscoring the importance of ongoing safety monitoring and research. 
Certain of the most common vaccine-associated harms can arise from a few different 
immunological mechanisms, some of which are briefly discussed next (Table 2-2). 

Immediate-type hypersensitivity reactions are rapid immunological responses observed in 
certain individuals following vaccination. Mast cells and basophils play a crucial role; they 
become activated by IgE when individuals are re-exposed to the same antigen during vaccination 
(Stone et al., 2019), which triggers degranulation and the release of various mediators, such as 
histamine, leukotrienes, prostaglandins, and cytokines, including IL-4 and IL-5. The clinical 
manifestation ranges from urticaria (hives) to the more severe and potentially life-threatening 
anaphylaxis (McLeod et al., 2015). 

In contrast, delayed-type hypersensitivity reactions involve a different immune pathway. 
T cells, particularly CD4+ helper T cells, are central to these reactions. Upon exposure to an 
antigen that the immune system has seen before, T cells secrete cytokines, such as Interferon- 
gamma (IFNy), IL-2, and tumor necrosis factor-alpha (TNF-a). The symptoms associated with 
this reaction, such as rash, fever, and joint pain, typically develop days to weeks after 
vaccination, distinguishing them from the immediate-type reactions (Biedermann et al., 2000). 
Autoimmune reactions in the context of vaccination encompass a variety of plausible 
mechanisms (Chen et al., 2022a; Lamprinou et al., 2023): 


e Molecular mimicry, where vaccine antigens closely resemble the body’s own 
proteins, potentially leading to the production of autoantibodies or autoreactive T 
cells that target self-tissues (Segal and Shoenfeld, 2018). 

e Bystander activation, when localized inflammation exposes self-antigens, leading to 
the activation of previously dormant self-reactive lymphocytes. 

e Epitope spreading, particularly with repeat vaccinations, where the initial immune 
response to vaccine antigens broadens to include self-antigens. 

e Polyclonal activation and adjuvant-induced autoimmunity, where intense immune 
stimulation, potentially exacerbated by adjuvants, overcomes the tolerance to self- 
antigens, resulting in autoimmunity. 


A current and significant concern is vaccine-induced immune thrombotic 
thrombocytopenia (VITT), an extremely rare condition characterized by forming antibodies 
against platelet factor 4 (PF4). This activates platelets and immune cells producing anti-PF4 
antibodies (Dabbiru et al., 2023). The role of complement activation in promoting a 
prothrombotic state is also being explored (see Chapter 5). 

Vaccine-Associated Enhanced Disease (VAED) and Antibody-Dependent Enhancement 
(ADE) are critical considerations in vaccine development, particularly highlighted by historical 
challenges with the formalin-inactivated Respiratory Syncytial Virus (RSV) vaccine (Acosta et 
al., 2015). VAED encompasses a spectrum of phenomena where vaccination paradoxically 
exacerbates the disease upon exposure to the natural pathogen, mediated through mechanisms 
such as ADE. In ADE, non-neutralizing or suboptimal antibodies generated by the vaccine 
facilitate the pathogen's entry into host cells via Fc receptors, leading to increased viral 
replication and severe disease manifestations (Gartlan et al., 2022). The formalin-inactivated 
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RSV vaccine is a notable example where immunization induced antibodies that not only failed to 
confer protection but also potentiated respiratory disease upon subsequent natural RSV infection. 
This outcome was partly attributed to the vaccine eliciting a skewed Th2-type immune response, 
promoting eosinophilic infiltration and severe lung pathology, rather than a protective Thl-type 
response (Gartlan et al., 2022). Additionally, immune complexes formed by the vaccine-induced 
antibodies could activate complement pathways, contributing to tissue damage. 

Furthermore, general vaccine reactions encompass a wide array of immune responses. 
These involve the activation of antigen-presenting cells (APCs), B cells, and T cells. Cytokines, 
such as IL-1, IL-6, IL-12, and TNF-a, play a significant role in the initial immune response to 
vaccines, contributing to both their protective effects and potential harms. 
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ADJUVANTS 


Adjuvants in vaccines serve to enhance the body’s immune response to an antigen, 
ensuring a stronger and longer-lasting immunity by activating TLRs on antigen-presenting cells 
to stimulate a strong innate immune response that produces a strong adaptive immune response. 
For example, aluminum salts create a depot effect for sustained antigen release, and oil-in-water 
emulsions, such as MFS9, increase cytokine release and antigen uptake (Wilkins et al., 2017). 
Adjuvants such as ASO1, AS02, AS03, and saponins stimulate APCs, such as dendritic cells, to 
activate T cells, and CpG oligodeoxynucleotides activate Toll-like receptor 9 (TLR9) (Facciola 
et al., 2022). These mechanisms, although crucial for vaccine efficacy, can sometimes lead to 
adverse reactions, primarily localized ones, such as inflammation and soreness, due to 
heightened immune activation at the site of injection. Table 2-3 lists some of the most commonly 
used adjuvants and their mechanisms of action. 

Matrix-M® is a saponin-based adjuvant in NVX-CoV2373, which is the only specifically 
adjuvanted COVID-19 vaccine. It consists of Quillaja Saponaria Molina extracts, known for 
their ability to stimulate both the innate and adaptive arms of the immune system. It enhances 
immune responses by activating antigen-presenting cells and boosting cytokine production, 
which facilitates a stronger T cell and antibody response to the vaccine antigen (Stertman et al., 
2023). Its mechanism of action increases the vaccine’s efficacy, but like other adjuvants, it can 
also contribute to or cause reactions. In the United States, FDA approves adjuvants only as 
components of vaccines, not as stand-alone products, because their properties can vary based on 
their concentration and interaction with other ingredients in the vaccine formulation. 
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Potential harms of vaccination necessitate a thorough investigation of mechanisms. 
Examining their immune response will help investigators gain insights into possible mechanisms 
of vaccine-related harms. 

Through an examination of clinical trials, epidemiology studies, case reports, preclinical 
in vivo and in silico work, and insights from animal models, the committee has delved into 
possible mechanisms that may contribute to adverse events. Understanding these mechanisms is 
paramount in ensuring the safety and well-being of individuals receiving COVID-19 vaccines. 
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